Background: The aim of this study was to explore the impact of ambulatory blood pressure (ABP) parameters on arterial stiffness measured by carotid-femoral pulse wave velocity (cf-PWV) in children and adolescents.
INTRODUCTION
H ypertension has been recognized as a risk factor for cardiovascular disease that acts from early childhood [1] . Accumulating evidence shows that subclinical target organ damage may be present even in the early stages of mild hypertension in children and adolescents [2] [3] [4] . This is quite alarming in the context of the trend of increasing prevalence of hypertension in the young worldwide [5] . Current guidelines have pointed out the importance of diagnosing hypertension in children and adolescents and the importance of using ambulatory blood pressure monitoring (ABPM) for the diagnosis of hypertension in this population [6, 7] .
Blood pressure (BP) presents significant variability in children and adolescents, and the diagnosis of hypertension is based on multiple BP measurements on different occasions [6] . ABPM offers numerous BP measurements, out of the office environment, and allows a more rigorous assessment of BP phenotype in the pediatric population [7] . In recent years, ABPM has been utilized in many clinical studies in children and adolescents, showing not only a significant superiority in indentifying young patients with increased cardiovascular risk, but also a better control of BP levels during treatment [2, 7, 8] .
Early vascular alterations have been described in children and adolescents with BP pressure elevations, both for primary and secondary hypertension [9] . Noninvasive assessment of atherosclerosis in young populations has become a significant challenge under the notion of increasing future ability to improve cardiovascular outcomes. The measurement of pulse wave velocity (PWV) has been accepted as a simple, reproducible, noninvasive method to assess arterial stiffness as a surrogate measure of atherosclerosis [10] . PWV is the speed at which the pressure waveforms travel along the aorta and large arteries during each cardiac cycle. Recent data show that PWV is increased in children and adolescents with BP elevations, as well as in those with diabetes mellitus and other cardiovascular risk factors [11] [12] [13] [14] . However, only limited studies have performed both measurements of PWV and ABPM [15, 16] . Most investigations have been based on office BP measurements, whereas data on the association between ambulatory blood pressure (ABP) parameters and PWV are scarce.
The aim of the present study was to investigate possible associations of ABP parameters with PWV in children and adolescents. We studied the effect of average ABP and other parameters such as BP variability, daytime-to-night-time BP ratio, and 24-h pulse pressure (PP) on carotid-femoral PWV (cf-PWV) in young patients. We also studied the relationship between ambulatory arterial stiffness index (AASI) and cf-PWV. Moreover, we examined the possible effect of hypertension and obesity on cf-PWV.
METHODS

Study population
The study population consisted of 138 consecutive children and adolescents with an age range of 4-20 years. None of the participants were taking any medication or had evidence of systemic disease that causes hypertension. Body weight and height were measured at the closest 0.1 kg and 0.1 cm, respectively, with the participants in light clothing without shoes. BMI was calculated as weight (kg)/height (m 2 ). BMI z-score was calculated using Cole's lambda-mu-sigma method [17] . Patients were characterized as normal-weight if their BMI was lower than the 85th percentile, overweight if their BMI was equal to or higher than the 85th percentile and lower than the 95th percentile, and obese if their BMI was equal to or higher than the 95th percentile [18] . Fasting serum glucose and lipids were measured in all patients. Family history of hypertension was recorded. Smoking and alcohol use were also recorded. Informed consent to participate in the study was obtained by the children's parents and in the case of patients older than 8 years by both the parent and the child or adolescent. The institutional review board approved the human research protocol.
Clinic blood pressure measurements
A trained physician measured office BP three times in each patient using a mercury sphygmomanometer with the appropriate size cuff before the fitting of the ABP monitors. During the measurements the participant remained seated for 10 min with the arm comfortably placed at the level of the heart. Three additional sphygmomanometric sitting BP measurements were performed after the removal of the ABP device. Office BP was calculated as the average of the six BP measurements. Hypertension was defined according to the previously published guidelines [6, 19] . BP index was calculated by dividing the average office BP by the 95th BP percentile specific for each patient.
Ambulatory blood pressure monitoring
All patients underwent 24-h ABPM on a usual school day. They were instructed to act normally. The Spacelabs 90217 ambulatory BP monitor (Spacelabs Inc., Snoqualmie, Washington, USA) was used. The appropriate size cuff was placed around the nondominant arm and three BP determinations were made, along with sphygmomanometric measurements, to verify that the average of the two sets of values did not differ by more than 5 mmHg. Reading and analyzing the ABP data has been previously described [20, 21] . All patients were instructed to rest or sleep between midnight and 0600 h (night-time) and to maintain their usual activities between 0800 and 2200 h (daytime). Patients were instructed to keep their arm still and relaxed at their side during measurements. They were requested to avoid strenuous exercise and sleeping during daytime and to rise from bed after 6 : 00 a.m., even if they were awake earlier than this time of the day. Those who stated that they had not rested or slept during the night-time (n ¼ 2) were excluded from the study. All 24-h ABPM sessions had at least 72 valid BP measurements (average measurements 80.9 AE 6.5). BP variability was measured using the weighted 24-h BP SD, computed as the weighted average of daytime and nighttime BP SD [22] . AASI was calculated as 1 minus the regression slope of DBP on SBP [23] . Daytime BP index was calculated by dividing the average daytime BP by the 95th BP percentile specific for each patient. BP load was calculated as the percentage of BP readings above the 95th BP percentile specific for each patient. The 24-h BP load was calculated as a weighted sum of the daytime and nighttime BP loads. ABP percentiles according to sex and height were used for the evaluation of ABP in patients aged 16 years or less, whereas adult ABP limits were used for older patients [6, 19] .
Using the combination of both office BP and ABP measurements, the patients were divided into four BP phenotypes. Patients who showed normotension or hypertension on the basis of both office BP and ABP measurements were characterized as having sustained normotension or hypertension, respectively. White-coat hypertension (WCH) was defined as office hypertension with ambulatory normotension, and masked hypertension as office normotension with ambulatory hypertension [24] .
Carotid-femoral pulse wave velocity measurement
The investigation took place in a quiet, semi-darkened, temperature-controlled room (218C). Before the examination, all participants rested in the recumbent position for about 15 min. The participants were instructed to refrain from eating, smoking and drinking beverages containing caffeine 3 h and also from drinking alcohol 10 h before measurement. cf-PWV estimation, according to the European Expert Consensus on Arterial Stiffness, was used to determine arterial stiffness [10] . cf-PWV was calculated according to the equation cf-PWV ¼ D(m)/t (s), where t denotes the transit time of the arterial pulse along the distance, and D the distance assimilated to the surface between the recording sites. D was measured directly using a centimeter tape, whereas t was obtained by the Complior System (Colson, Les Lilas, France) automatically. The transit time was quantified as the time delay between the feet of the two waveforms that were recorded simultaneously at the right common carotid artery and the right femoral artery ('foot-to-foot' method) using mechano-transducers directly applied on the skin. Subtracted cf-PWV was also calculated by using the 0.8 of D [10] . Central PP was calculated by pulse wave analysis. Complior device measures directly central (carotid) pressure waveforms. There is neither any mathematical model nor any transfer function. Complior uses the calibration method recognized by the scientific experts using mean and diastolic pressure to calibrate the carotid signal [25, 26] . Patients remained in the supine position and were advised neither to speak nor to sleep during the measurements. The same doctor, who was unaware of the BP measurements, conducted all the measurements under the previously described conditions. Reproducibility of the measurements from our group has been reported previously [21] . Spurious systolic hypertension was defined as brachial SBP higher than or equal to the 95th percentile for age, sex and height, brachial DBP lower than the 95th percentile for age, sex and height, and central PP lower than the 90th percentile of the study population [27] .
Statistical analysis
The IBM SPSS 21.0 (SPSS Inc., Chicago, Illinois, USA) statistical package was used to analyze the data. Standard descriptive statistics, two-tailed Student's t test, bivariate correlation analysis, linear regression analysis (stepwise criteria: probability of F to enter 0.050, probability of F to remove 0.100) and analysis of covariance (ANCOVA) were used. A P value less than 0.05 was considered statistically significant. The collinearity statistics tolerance (toleran-
where R i is the square multiple correlation of one variable with the other independent variables) was used for collinearity diagnostics. The default value for tolerance was 0.0001. All variables were necessary to pass this criterion in order to be included in an equation, regardless of the selection method used. The general linear model (GLM) univariate procedure provides regression analysis and analysis of variance for one dependent variable by one or more independent factors or covariates. The factor variables divide the population into groups. GLM is a general model that encompasses both analysis of variance (ANOVA) and regression. In GLM you can estimate random and mixed-effects models, perform post-hoc tests on estimated marginal means, and analyze ANCOVA and regression models (SPSS Base Applications Guide, SPSS Inc., Chicago, Illinois, USA).
RESULTS
Demographic data, cf-PWV, office BP and ABP levels of the population are listed in Tables 1 and 2 . ABP levels were lower to normal-weight children and adolescents compared to overweight (112.92 AE 11.22 vs. 118.45 AE 10.62 mmHg; P < 0.05) and obese ones (112.92 AE 11.22 vs. 119.99 AE 10.99 mmHg; P < 0.001). Isolated systolic hypertension was found in 29.8% of the children and adolescents, and 11.5% of the population could be characterized as having 'spurious' systolic hypertension. Patients with 'spurious' systolic hypertension were 58.3% men and had increased BMI percentile (83.3% had BMI !97th percentile). With regard to BP classification, 72.7% of these patients had WCH and 27.3% had sustained hypertension.
Carotid-femoral pulse wave velocity was higher in hypertensive compared with normotensive patients identified by ABP levels ( Table 3 ). The differences in cf-PWV remained significant after adjustment for age and sex. Among the patients, 10.6% had cf-PWV values higher than the 95th percentile of the study population. PWV values adjusted for age, sex and BMI z-score did not differ between patients with and without family history of hypertension (6.99 AE 0.31 versus 6.85 AE 0.19; P ¼ 0.70), current smokers and nonsmokers (6.73 AE 0.85 versus 6.70 AE 0.16; P ¼ 0.97).
In Pearson's bivariate correlations analysis, cf-PWV showed significant correlations with age, height, weight, (Table 5 ). Linear regression analysis for weighted 24-h SBP variability and cf-PWV is shown in Fig. 1 .
Carotid-femoral pulse wave velocity in different blood pressure phenotypes
The 95% confidence interval (CI) of cf-PWV was 6.4-7.1 m/s in sustained normotensive patients (n ¼ 56), 6.4-7.9 m/s in WCH patients (n ¼ 48), 5.8-8.1 m/s in masked hypertension patients (n ¼ 5), and 6.1-8.0 m/s in sustained hypertensive patients (n ¼ 27). There were no statistically significant differences in cf-PWV among the above groups after adjustment for age and sex (WCH vs. normotensive patients; P ¼ 0.38, masked hypertension vs. normotensive patients; P ¼ 0.74, sustained hypertensive vs. sustained normotensive patients; P ¼ 0.63, Bonferroni's adjustment for multiple comparisons). The results for masked hypertension and sustained hypertension were underpowered because of the small number of patients in these groups.
Analysis of covariance for the relationship of carotid-femoral pulse wave velocity with blood pressure variability after adjustment for demographics and other risk factors Table 7 , http:// links.lww.com/HJH/A405). The role of daytime and night-time SBP and DBP variability and the presence of office or ambulatory hypertension were further investigated (Table 6 ). There was a strong relationship between daytime SBP variability and weighted 24-h SBP variability (r ¼ 0.88, P < 0.0001). Both variables are related to cf-PWV (r ¼ 0.25 and 0.27, P < 0.01). When we forced the daytime SBP variability in the same model with weighted 24-h SBP variability, then the model's R 2 decreased and both variables lost the significance, suggesting that daytime SBP variability is neither stronger nor a better determinant of cf-PWV compared to weighted 24-h SBP variability.
DISCUSSION
The present study showed significant correlations between cf-PWV and ABP parameters in children and adolescents. The main finding was that weighted 24-h and daytime SBP variability exhibited an independent association with cf-PWV. Hypertension was accompanied with increased cf-PWV. Obesity was not a significant determinant of cf-PWV in this study, as BMI z-score did not correlate with cf-PWV in any model. These findings suggest that short-term BP fluctuations may have an impact on structural and functional vascular properties in young patients independent of absolute BP levels and adiposity.
Several studies in adults have shown a relationship between short-term BP variability and target organ damage or cardiovascular outcomes using different methods for the quantification of BP variability [28] [29] [30] . In the present study, BP variability was defined as weighted 24-h SD of BP, which is considered a better index of BP variability. Analysis of daytime and night-time BP variability in our population suggested that daytime compared to night-time BP variability exerts a more important effect in arterial stiffness in youth. Night-time variability maybe less reproducible in the young and maybe more than one ABPM studies are needed. On the contrary, weighted 24-h BP SD that has been introduced by Bilo et al. [22] is more reproducible as a method of estimation of BP variability. Weighted 24-h SD overcomes the interference of night-time BP fall, offering assessment of BP variability all over the 24-h period and has been suggested to be a better predictor of organ damage and cardiovascular risk [22] . BP variability in children and adolescents has been associated with low birth weight, obesity, BP levels and age [31, 32] . The changes in BP variability with age were studied in a diverse ethnic population over a 15-year period and demonstrated that BP Arterial stiffness in youth
Journal of Hypertension www.jhypertension.comvariability increased with age. Other determinants of BP variability were mean ABP values, male sex, obesity, and socioeconomic status [32] . Impaired baroreflex sensitivity has been suggested in children with elevated BP levels [33] .
Other possible mechanisms may include enhanced activation of the sympathetic nervous system or inflammatory factors promoting vasoconstriction and facilitating acute BP increases. The effect of BP variability on cf-PWV may have an early origin as suggested by the young age of the study population consisting of either normotensive patients or newly diagnosed hypertensive patients. In a previous study by our group in healthy young volunteers, we have shown that weighted 24-h SBP variability is a predictor of increased cf-PWV and early vascular aging [21] . Increased weighted 24-h BP variability may result in repetitive fluctuations of shear stress on arterial wall that results in morphological changes and arterial stiffening. The independent association between weighted 24-h SBP variability and cf-PWV may alternatively imply a common pathogenetic mechanism in youth. Determinants of PWV have been reported to be age, sex and absolute BP values, which, as mentioned above, are also predictors of BP variability [34, 35] . Thus, the question of whether SBP variability has a causative role in or it is a result of arterial stiffening needs to be clarified by further studies.
Carotid-femoral pulse wave velocity is accepted as the most reliable method for the measurement of arterial stiffness in adults with prognostic significance for cardiovascular morbidity and mortality for coronary events and fatal strokes [36] [37] [38] [39] . However, its predictive value remains yet to be established in young patients. In the current study, we aimed to detect early vascular changes in children and adolescents in the absence of any known clinical manifestation of cardiovascular disease. The population was at an increased risk for future cardiovascular events in the context that they have been referred to a hypertension center for suspected hypertension. Despite referral from primary care practitioners, the majority of patients were found to be normotensive both in office BP and ABP measurements. Normotensive patients had lower cf-PWV compared to those with hypertension by ABP levels. Increased PWV in youth has been associated with conditions that confer increased cardiovascular risk such as diabetes and hypertension [11, [14] [15] [16] 40, 41] .
The parameters 24-h PP and AASI, which are derived from 24-h ABPM, have been proposed as surrogate markers of arterial stiffness [42] [43] [44] [45] [46] [47] . In children and adolescents, PP and AASI are not very well studied. We have previously reported that 24-h PP could predict left ventricular mass index, and it presents significant correlations with carotid intima-media thickness in children and adolescents referred to a hypertension clinic [48, 20] . In another study of 82 referred children and adolescents, a close association of 24-h PP was demonstrated with left ventricular mass index and cf-PWV, but not with AASI [15] . In the present study, AASI also did not correlate with cf-PWV. PP was associated with cf-PWV in simple bivariate correlations, but only weighted 24-h and daytime SBP variability were independent determinants in the ANCOVA analysis. The potential explanation of these findings may lie in the different mechanisms of BP-induced arterial stiffening. In young patients with more elastic arteries, the SBP elevation and the increase in 24-h PP may be mediated by the exaggeration of the amplification phenomenon. On the contrary, BP fluctuations interfering to cyclic stress on the arterial wall may have a more significant contribution to arterial stiffening.
The majority of the patients in the study had systolic hypertension by office BP levels and 29.8% had isolated systolic hypertension. About one-third of these patients had estimated central aortic PP in the normal range of the study population and could be characterized as having 'spurious' hypertension. Interestingly, in our population, children and adolescents with 'spurious' hypertension were more likely to have WCH, which has been associated with an increased cardiovascular risk in children and adolescents [24, 49] . Further studies may evaluate the importance of this finding.
In this cross-sectional study, we were unable to determine the causative effect or mechanism underlying the relationship among BP variability and cf-PWV. Another limitation of the study is that the patients were not randomly selected as they were referred to a hypertension center. However, a large proportion of the children and adolescents were diagnosed as sustained normotensive patients after the evaluation. Larger longitudinal studies are needed to assess the effect of BP variability on progression of arterial stiffness in young populations. Another limitation of the study is that cf-PWV was explained from BP variability only in a small percentage in the models (14.4-19.6%), suggesting that other important factors can influence arterial stiffness beyond BP fluctuations.
In the current study we hypothesized that newer parameters of ABPM such as weighted 24-h and daytime SBP variability could have an impact on arterial stiffness independent of the classical BP measurements. This study provides evidence that arterial stiffness is an ongoing process starting early in life, advancing with age and modified from different factors. In this pediatric and adolescent population, 10.6% had cf-PWV values higher than the 95th percentile of the population, suggesting an early onset of arteriosclerosis [50] . These extreme values of stiffness may be followed up for the possibility of early and aggressive interventions, especially as far as the lifestyle of these young patients is concerned.
